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Sequence analysis of the 330-kb genome of chlorella virus Paramecium bursaria chlorella virus 1 (PBCV-1) revealed an
open reading frame, A237R, that encodes a protein with 34% amino acid identity to homospermidine synthase from
Rhodopseudomonas viridis. Expression of the a237r gene product in Escherichia coli established that the recombinant
enzyme catalyzes the NAD1-dependent formation of homospermidine from two molecules of putrescine. The a237r gene is
expressed late in PBCV-1 infection. Both uninfected and PBCV-1-infected chlorella, as well as PBCV-1 virions, contain
homospermidine, along with the more common polyamines putrescine, spermidine, and cadaverine. The total number of
polyamine molecules per virion (;539) is too small to significantly neutralize the virus double-stranded DNA (.660,000
nucleotides). Consequently, the biological significance of the homospermidine synthase gene is unknown. However, the gene
is widespread among the chlorella viruses. To our knowledge, this is the first report of a virus encoding an enzyme involved
in polyamine biosynthesis. © 1999 Academic Press
Key Words: polyamines; homospermidine; homospermidine synthase; ornithine decarboxylase; dsDNA virus; chlorella
viruses; PBCV-1; Phycodnaviridae.
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hINTRODUCTION
Homospermidine [H2N(CH2)4NH(CH2)4NH2], unlike the
ore common polyamines putrescine, spermidine, and
permine, has been detected in only a few, widely di-
erse organisms (Cohen, 1998). Homospermidine is
sed as a chemotaxonomic marker in certain bacterial
axa, such as the a subclass of the proteobacteria, which
nclude the photosynthetic bacteria Rhodopseudomonas
Hamana et al., 1985) and Agrobacterium (Hamana et al.,
989b). It is also common in nitrogen-fixing bacteria such
s Rhizobium (Smith, 1977; Fujihura and Harada, 1989)
nd nitrogen-fixing cyanobacteria (Hamana et al., 1983;
amana and Matsuzaki, 1992), as well as some metha-
ogenic archaebacteria (Scherer and Kneifel, 1983). Ho-
ospermidine also occurs in a few algae, including
hlorella species (Kneifel, 1977; Hamana and Matzusaki,
982), mosses, lichens, ferns (Hamana and Matsuzaki,
985), some higher plants (Kuttan et al., 1971; Yamamoto
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254t al., 1983; Hamana et al., 1992), and animal tissues
Matsuzaki et al., 1982).
Bacteria synthesize homospermidine from two mole-
ules of putrescine by an NAD1-dependent enzyme
amed homospermidine synthase (HSS) (Fig. 1); no other
ubstrates or cofactors are required. HSS, a homodimer
omposed of two 52-kDa subunits, has been character-
zed from two bacteria: Rhodopseudomonas viridis (Tait,
979; Tholl et al., 1996) and Acinetobacter tartarogenes
Yamamoto et al., 1993). The R. viridis hss gene is the
nly one that has been isolated and characterized (Tholl
t al., 1996). The amino acid sequence of the R. viridis
SS enzyme resembled the predicted amino acid se-
uence encoded by an open reading frame (ORF A237R)
f unknown function in chlorella virus Paramecium bur-
aria chlorella virus 1 (PBCV-1).
PBCV-1 is the prototype of a genus (Chlorovirus, family
hycodnaviridae) of large (175–190 nm in diameter) poly-
edral, double-stranded DNA, plaque-forming viruses
hat infect certain unicellular, eukaryotic chlorella-like
reen algae (Van Etten et al., 1991; Van Etten, 1995). The
30-kb PBCV-1 genome has been sequenced and is
redicted to contain 377 protein encoding genes and 10
RNA genes (Lu et al., 1995, 1996; Li et al., 1995, 1997;
utish et al., 1996). Many of the proteins encoded by
BCV-1 are unexpected, and their functions in the virus
ife cycle are unknown; among these are the enzymes
yaluronan synthase (DeAngelis et al., 1997, Graves et
l., 1999), glutamine:fructose-6-phosphate amidotrans-
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255VIRUS PBCV-1-ENCODED HSSerase (Landstein et al., 1998), UDP-glucose dehydroge-
ase (Landstein et al., 1998), and, as described here, a
rotein with HSS activity. To our knowledge, PBCV-1 is
he first virus to encode a polyamine biosynthetic en-
yme.
RESULTS
imilarity between R. viridis HSS enzyme and PBCV-1
RF A237R
The deduced 518-residue protein encoded by chlorella
irus PBCV-1 ORF A237R has 34% amino acid identity
and a FASTA score of 541) with the 477-residue R. viridis
SS enzyme (Fig. 2). The most striking identity (44%)
etween the two proteins occurs between amino acid
esidues 205 and 410. Currently, databases contain no
ther hss genes. The G 1 C content of the A237R ORF is
4%, similar to the 40% G 1 C content of the entire
BCV-1 genome.
xpression of recombinant PBCV-1 HSS enzyme
ORF A237R has two potential start codons: codon 1
nd codon 3 (Fig. 2). Therefore, two pET-15b-based plas-
ids were constructed to produce A237R-His-tagged
ecombinant proteins in Escherichia coli. Plasmids
BB21 and pBB23 were designed so that the first and
hird ATGs, respectively, of ORF A237R served as the
ranslational start codons. At 3 h after induction, a fusion
rotein of the expected size, 58 kDa, composed ;8% of
he soluble protein in extracts from bacteria containing
ach of the plasmids (Fig. 3, lane 4; only the results with
ells expressing pBB23 are shown in Fig. 3). Before
sopropyl-b-D-thiogalactopyranoside (IPTG) addition, un-
nduced cells contained small amounts of the 58-kDa
rotein, indicating that uninduced cells produce a basal
FIG. 1. Biosynthesis of homospermidine in bacteria (starting with orn
BCV-1 encodes ornithine decarboxylase (a207r) and HSS (a237r) genevel of T7 RNA polymerase activity (Studier et al., 1990). h. coli cells with vector alone produced no 58-kDa pro-
ein.
omospermidine in E. coli-expressing ORF A237R
Polyamine contents were measured in wild-type E. coli
nd recombinant E. coli expressing either the R. viridis
ss gene or both forms of the a237r gene. Wild-type cells
ontained putrescine, cadaverine, spermidine, and
permine but no detectable homospermidine (Table 1). In
ontrast, E. coli cells expressing the R. viridis hss gene
ontained homospermidine (930 nmol/g fresh weight), as
id E. coli cells expressing pBB21 or pBB23, albeit at
ower levels (24 and 141 nmol/g fresh weight, respec-
ively). Because pBB23-containing cells produced about
ive times more homospermidine than pBB21-containing
ells, pBB23-containing E. coli was used for the remain-
er of the experiments. The growth medium of pBB23-
ontaining cells dramatically influenced the ratio of sper-
idine to homospermidine, which varied from 13:1 in
ells grown in LB medium to 0.3:1 in cells grown in a
olyamine-free medium. The presence of homospermi-
ine in the polyamine fraction from cells expressing the
237r gene was confirmed by both gas chromatography–
ass spectroscopy and liquid chromatography–mass
pectroscopy. In these confirmatory experiments, cells
ere grown in polyamine-free medium.
The incorporation of exogenous 14C-putrescine into
omospermidine in pBB23 containing cells was also
onitored at various times after IPTG induction. At 3
nd 8 h after induction, the cells took up 7.5% and 18%
f exogenous 14C-putrescine, respectively, and of the
14C-putrescine taken up by the cells, 30% and 54%,
espectively, was incorporated into homospermidine
Table 2). Together, the results in Tables 1 and 2
stablish that E. coli cells expressing a237r synthesize
and plants (starting with ornithine and S-adenosylmethionine). Virusithine)omospermidine.
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256 KAISER ET AL.ecombinant A237R protein has HSS activity
Protein extracts were prepared from E. coli expressing
237r, and after purification over a His-binding column
Fig. 3, lane 5), the recombinant protein was assayed for
SS activity. NAD1 was required for activity, and no
olyamines other than putrescine were required. Maxi-
um HSS activity occurred at 20°C in 50 mM K1 (Fig. 4).
FIG. 2. Amino acid alignment of HSS enzymes from R. viridis
FIG. 3. SDS–PAGE analysis of soluble protein from E. coli BL21 (DE3)
xpressing the PBCV-1 A237R protein. E. coli with pET-15b before (lane
) and 3 h after IPTG induction (lane 2) and E. coli with pBB23 before
lane 3) and 3 h after IPTG induction (lane 4). Recombinant protein after
assage over a His-binding column (lane 5).ncreasing the incubation temperature to 25°C reduced
he recombinant HSS activity by ;50%, and no activity
as detected at 37°C. Protein extracts from wild-type E.
oli BL21 (DE3) cells had no HSS activity.
xpression of the a237r gene in PBCV-1-infected
ells
RNA was extracted from cells at various times after
irus infection and hybridized to an antisense a237r gene
robe to determine whether the gene was transcribed
uring PBCV-1 infection. The probe hybridized strongly to
1.9-kb RNA extracted from cells at 60–360 min postin-
ection (p.i.) (Fig. 5). This RNA size is sufficient for a
rotein of 518 amino acid residues. Because PBCV-1
NA synthesis begins ;60 min p.i. (Van Etten et al.,
984), the hss gene is a late gene. However, the probe
lso hybridized slightly to another late RNA of ;2.9 kb
nd an early RNA of ;3.2 kb. The nature of these other
NAs is unknown, but complex transcription patterns
ave been observed with other PBCV-1 genes, such as
lutamine:fructose-6-phosphate amidotransferase (Land-
tein et al., 1998).
hlorella virus PBCV-1. Identical amino acids are highlighted.The recombinant PBCV-1 HSS protein reacted with a
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257VIRUS PBCV-1-ENCODED HSSolyclonal antibody to R. viridis HSS (data not shown).
owever, attempts to detect the PBCV-1 HSS protein in
ell extracts, made at various times after virus infection,
y Western blotting were unsuccessful; presumably, the
BCV-1 HSS protein does not accumulate to levels suf-
icient for immunochemical detection by this antiserum.
olyamines in virions and uninfected and infected
hlorella cells
The polyamine content of uninfected chlorella as well
s cells at 60, 150, and 240 min after PBCV-1 infec-
ion was determined (Table 3). Healthy and infected
ells contained homospermidine, putrescine, cadaverine,
nd spermidine. However, polyamine concentrations
hanged after virus infection, especially between 60 and
50 min p.i. The putrescine level increased ;2-fold, and
he other three polyamines decreased 50–60%. Infection
y another chlorella virus, SC-1A, produced similar
hanges in the polyamine levels of infected cells (Xing,
996). These same four polyamines were also detected
n purified PBCV-1 virions (Table 3). The low concentra-
ion of homospermidine relative to spermidine in the
irions was independently confirmed with a new proce-
ure for quantifying polyamines using ion spray–mass
pectroscopy (Furuumi et al., 1998).
Using the data in Table 3, the number of polyamine
olecules per virus particle was calculated to determine
hether they might be involved in neutralizing the virus
NA. Virions on average contain 539 polyamine mole-
TABLE 1
Polyamine Content of Wild-Type Strain E. coli BL21 (DE3), and
ecombinant E. coli Expressing the R. viridis hss Gene (PAK) and Two
orms of the Virus PBCV-1 hss Gene (pBB21 and pBB23)
Plasmid Polyamine Concentration (nmol/gfw)
ET-15b Putrescine 1293
Cadaverine 315
Spermidine 3052
Spermine 36
AK R. viridis Putrescine 1114
Cadaverine 286
Spermidine 1396
Homospermidine 930
Spermine 265
BB21 Putrescine 1726
Cadaverine 427
Spermidine 2827
Homospermidine 24
Spermine 89
BB23 Putrescine 1375
Cadaverine 490
Spermidine 1853
Homospermidine 141
Spermine 84
Note. The cells were grown in LB broth.ules with a combined charge of 1308 (Table 4). Becausehe total number of nucleotide phosphates in the double-
tranded DNA of a virus particle exceeds 660,000 (Li et
l., 1997), the polyamines could only neutralize ;0.2% of
NA phosphates.
In separate experiments, virion polyamines proved to
e freely exchangeable. With our standard virus purifica-
ion protocol (Van Etten et al., 1981, 1983), which uses a
ris buffer, we found that Tris (a monoamine) could re-
lace .95% of the viral polyamines. Likewise, extensive
ashing of purified PBCV-1 with polyamine-free buffer
e.g., PBS) displaced both Tris and viral polyamines.
he a237r gene is widespread in the chlorella viruses
To determine whether the hss gene is common among
he chlorella viruses, DNA from 42 chlorella viruses and
ost Chlorella NC64A were hybridized to the a237r gene
robe used in the Northern analyses. DNA from all of the
iruses infecting Chlorella NC64A hybridized to various
evels with the probe (Fig. 6). No hybridization was de-
ected with DNA from the host or with DNA from five
iruses that infect a related alga, Chlorella Pbi (i.e., vi-
uses CVA-1, CVB-1, CVG-1, CVM-1, and CVR-1) (Reisser
t al., 1988). Therefore, the hss gene is widespread
mong the NC64A viruses.
DISCUSSION
The polyamines putrescine, spermidine, and spermine
re common in cells and also are structural components
f many viruses, where they are believed to aid in neu-
ralizing viral nucleic acid (Tyms et al., 1990; Cohen,
998). PBCV-1 virus particles, as well as uninfected and
irus-infected Chlorella NC64A cells, contain putrescine,
adaverine, spermidine, and homospermidine. However,
t is unlikely that these polyamines are important in the
eutralization of PBCV-1 DNA because the number of
olyamine molecules per PBCV-1 virion is so low that
hey could neutralize only ;0.2% of the virus phosphate
esidues. Presumably, the viral DNA is neutralized by
ither positively charged ions (e.g., Mg21), small pep-
ides, or even proteins; Yamada et al. (1996) demon-
trated the presence of DNA-binding proteins in the
irion of a related chlorella virus. Furthermore, the func-
ional significance of polyamines in the PBCV-1 particle
TABLE 2
Incorporation of 14C-Putrescine into Homospermidine in E. coli
Expressing the PBCV-1 hss Gene (pBB23)
Time (h)
14C-Putrescine remaining
in the medium (cpm)
Incorporation of
14C-putrescine into
homospermidine (%)
0 3427 0
3 3171 30
8 2826 54
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258 KAISER ET AL.ust be limited because they are associated only
oosely with the virion since they can be replaced by Tris
r displaced by washing the particles in a polyamine-free
uffer without affecting virus infectivity.
The impetus for measuring PBCV-1 polyamine content
as the discovery that the virus encodes an ORF that
as 34% amino acid identity with an HSS enzyme from R.
iridis. The PBCV-1 hss gene encodes a protein with
AD-dependent HSS enzyme activity. To our knowledge,
his is the first report of a virus-encoded enzyme involved
n polyamine biosynthesis. Interestingly, PBCV-1 also en-
odes a protein that resembles ornithine decarboxylase
Lu et al., 1996), a key enzyme in polyamine biosynthesis
nd one of the most highly regulated enzymes in eukary-
tic organisms (e.g., Davis et al., 1992; Cohen, 1998).
rnithine decarboxylase converts ornithine to pu-
rescine, the substrate for the bacterial and PBCV-1 HSS
nzymes (Fig. 1). Preliminary experiments with a recom-
inant PBCV-1 ornithine decarboxylase indicate that the
FIG. 4. Characteristics of the recombinant PBCV-1-encoded HSS. T
oncentrations. Enzyme reactions were incubated for 2 h and then term
alculated from the ratio of labeled putrescine to homospermidine o
omospermidine was detected.
FIG. 5. Northern blot analyses of RNA isolated from uninfected (0)
nd PBCV-1-infected chlorella cells at the indicated times p.i. The RNAssere hybridized with an antisense a237r gene probe.rotein has the expected enzyme activity (T. J. Morehead
nd J. L. Van Etten, unpublished results). Thus PBCV-1
ncodes the complete biosynthetic pathway for the syn-
hesis of homospermidine from ornithine.
It is important to note that the PBCV-1-encoded HSS
atalyzes the NAD-dependent formation of homospermi-
ine from two molecules of putrescine and that spermi-
ine does not participate in the reaction. In contrast,
permidine is a required precursor of homospermidine
ynthesis in higher plants (Bottcher et al., 1994). The
ifference between homospermidine synthesis in bacte-
ia and plants derives from the discovery that eukaryotic
ranslation initiation factor eIF-5A contains a hydroxypu-
rescine-lysine adduct called hypusine [N6-(4-amino-2-
ydroxybutyl)-2,6-hexanoic acid] in the ratio of one hy-
usine per molecule of protein (Park et al., 1993; Cohen,
998). Hypusine is formed by attaching a 2-hydroxybu-
ylamine moiety to the e-amino group of a single lysine
ide chain of the eIF-5A precursor protein. Hypusine
ynthesis requires two enzymes (Fig. 1). The first en-
yme, deoxyhypusine synthase, takes the butylamine
ortion of spermidine and adds it to the lysine side chain
hile liberating 1,3-diaminopropane. The second en-
yme, deoxyhypusine hydroxylase, adds the 2-hydroxy
roup. In plants, deoxyhypusine synthase also can trans-
er butylamine from spermidine to putrescine, resulting in
omospermidine (Kaiser, 1999). Consequently, deoxyhy-
usine synthase also functions as an HSS.
The PBCV-1-encoded HSS is clearly related to bacte-
ial enzymes rather than to plant enzymes; this conclu-
mbinant protein was assayed at the indicated temperatures and K1
y applying 20-ml aliquots onto TLC plates. The amount of product was
by radioscanning with a TLC multichannel analyzer. nd means nohe reco
inated b
btainedion is supported by the amino acid similarity between
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259VIRUS PBCV-1-ENCODED HSS237R and R. viridae HSS, as well as the cross-reactivity
f the PBCV-1 enzyme with rabbit polyclonal antisera
repared against R. viridae HSS. Presumably the host
lga synthesizes homospermidine from spermidine and
utrescine by deoxyhypusine synthase and late in
BCV-1 infection the virus produces homospermidine
rom two putrescines. The inability of the PBCV-1 hss
ene to hybridize with the host “hss” gene(s) and the
-fold increase in putrescine observed after PBCV-1 in-
ection are consistent with this scenario.
Even if this scenario is correct, it leads to two ques-
ions. Why is homospermidine biosynthesis important for
BCV-1 replication? Why does the infected cell need two
athways to synthesize homospermidine; especially
hen so little of the compound is packaged in the virion?
ith respect to the first question (i.e., why PBCV-1 con-
ains the genes for ornithine decarboxylase and HSS),
e suggest two possibilities. (1) Spermidine and homo-
permidine are functionally distinct; that is, the extra
ethylene in homospermidine allows it to carry out a
unction that spermidine cannot. (2) Spermidine and ho-
ospermidine are functionally interchangeable, but the
arbon flow through their respective biosynthetic path-
ays is determined by the nutritional/physiological sta-
us of the host cell. The two homospermidine synthesis
T
Polyamine Content of Uninfected and PBC
Pol
Putrescine Cadaverine
ell
Uninfected 0.76 3.90
60 min p.i. 0.76 3.42
150 min p.i. 1.54 1.48
240 min p.i.b 2.52 2.17
irus (nm
PBCV-1 6.0 0.68
a nd, not detected.
b Virus assembly is complete, and most virus particles are released
c Approximate number of virus particles produced from 3.3 3 1010 c
TABLE 4
Polyamine Content of a PBCV-1 Virion
Polyamine
Molecules/
virion
Total polyamine
charge
Phosphate residues
neutralized (%)
utrescine 277 554 0.08
adaverine 32 64 0.01
permidine 196 588 0.09
omospermidine 34 102 0.02
otal 539 1308 0.20
Gathways differ in one important feature. Homospermi-
ine synthesized by the virus-encoded enzyme requires
wo molecules of putrescine, and thus its synthesis de-
ends only on cellular levels of carbon and nitrogen. In
ontrast, the propylamine in spermidine comes from S-
denosylmethionine and thus is dependent on cellular
evels of carbon, nitrogen, and sulfur. This distinction
uggests that the homospermidine concentration in the
nfected cell might increase if the host chlorella is grown
nder limiting sulfur conditions. This possibility will be
xplored in the future.
MATERIALS AND METHODS
trains and culture conditions
The growth of PBCV-1 host Chlorella strain NC64A on
BBM medium, the production and purification of
BCV-1, and the isolation of PBCV-1 DNA have been
escribed (Van Etten et al., 1981, 1983). E. coli strains
NVaF (InVitrogen, Carlsbad, CA), XL1 Blue (Stratagene,
a Jolla, CA), and BL21 (DE3) (Novagen, Madison, WI)
ere grown in LB medium (Samrook et al., 1989). In
ome experiments, E. coli expressing the recombinant
SS enzyme were grown on a polyamine-free medium
onsisting of 0.4% glucose, 2.0 g/l citric acid, 3.5 g/l
aPO4, 0.2 g/l MgSO4, 0.002% thiamine, and 5 mg/l
alcium pantothenate (Vogel and Bonner, 1956).
loning and expression of the recombinant PBCV-1
ss gene
PBCV-1 ORF A237R has two potential translational
tart codons: codon 1 and codon 3 (Fig. 2). Therefore,
wo versions of the PBCV-1 A237R ORF were cloned from
CR amplified viral DNA using the following oligonucle-
tide primers: 59 primer 1, TGTGCATATGTATATGAAT-
CAAAAAAG; 59 primer 3, ACTGCATATGAATTCAAAAAA-
ected Chlorella Cells and PBCV-1 Virions
(nmol/3.3 3 1010 cells) (;1 gfw)
Spermidine Homospermidine Spermine
5.82 1.33 NDa
5.28 1.99 ND
3.33 0.62 ND
3.28 0.52 ND
3 1013 virus particles) (0.11 g)c
4.22 0.72 ND
en 420 and 480 min p.i.ABLE 3
V-1-Inf
yamine
ole/1.3
betweAGTAAC; and 39 primer, TTTTGGATCCTTATTCCATAA-
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260 KAISER ET AL.AGGAGG. The underlined bases indicate the 59 and 39
estriction sites for NdeI and BamHI endonucleases,
espectively, that were used for cloning. The PCR reac-
ion (25 ml) contained 770 ng of PBCV-1 genomic DNA,
80 pmol of each primer, 50 mmol of each dNTP, 1.5 mM
gCl2, and 5 units of Taq DNA Polymerase (Qiagen,
ilden, Germany) with the appropriate buffer. Amplifica-
ion was performed in a Perkin–Elmer Thermocycler
Foster City, CA) using 35 cycles of 97°C for 1 min, 60°C
or 1 min, and 72°C for 1 min. PCR fragments of the
xpected size were digested with NdeI and BamHI and
hen inserted into NdeI–BamHI sites of the expression
lasmid pET-15b (Novagen). The resulting plasmids,
BB21 and pBB23, were transformed into E. coli XL1 Blue
or maintenance or into E. coli BL21 (DE3) (Studier and
offat, 1986) for expression. The a237r gene was ex-
ressed by growing cells overnight at 37°C in 200 ml of
B medium containing 100 mg/ml ampicillin to an A600 of
.5. Then 50 ml of fresh LB medium was added to the
ulture (final volume of 250 ml), and the cells were
nduced with 4 mM IPTG 1 h later. Aliquots (1 ml) of cells
ere harvested by centrifugation at hourly intervals. The
ells were washed with lysis buffer (50 mM Tris–HCl, pH
FIG. 6. Hybridization of the PBCV-1 a237r gene to DNA isolated from
he host Chlorella NC64A and 37 Chlorella NC64A viruses and 5
iruses (CVA-1, CVB-1, CVG-1, CVM-1, and CVR-1) that infect Chlorella
bi. The blots contain 1, 0.5, 0.25, and 0.12 mg of DNA, left to right,
espectively..0, 2 mM EDTA), centrifuged, and resuspended in 400 ml af lysis buffer containing 100 mg/ml lysozyme. After in-
ubation on ice for 15 min, cells were disrupted by two
0-s exposures to sonication, and the samples were
entrifuged at 4°C.
Then 10 ml of supernatant was added to an equal
olume of 23 dissociation buffer (Sambrook et al., 1989)
nd boiled for 5 min. SDS–PAGE was performed in the
uffer system of Laemmli (1970) on 10% acrylamide gels.
roteins were stained with Coomassie Brilliant Blue R
50. The remainder of the sample was loaded onto a
is-trap column (Amersham Pharmacia, Uppsala, Swe-
en) in 5 mM imidazole, 0.5 M NaCl, and 20 mM Tris–Cl,
H 7.9, and washed with 60 mM imidazole, 0.5 M NaCl,
nd 20 mM Tris–Cl, pH 7.9, and the recombinant protein
as eluted with 1 M imidazole, 0.5 M NaCl, and 20 mM
ris–Cl, pH 7.9. The sample was then applied to an NAP
0 column (Pharmacia, Piscataway, NJ) and eluted with
.5 ml of ice-cold elution buffer (50 mM KPO4 and 2 mM
ithiothreitol, pH 8.5); 100-ml fractions were collected and
ssayed for HSS activity.
SS enzyme activity
Recombinant HSS enzymes were assayed at 20°C in a
otal volume of 125 ml of S buffer (50 mM KPO4, 2 mM
ithiothreitol, pH 8.5), containing 3.7 mM 14C-putrescine
0.5 mCi/assay), 1.0 mM putrescine, and 0.2 mM NAD1
Tholl et al., 1996). Enzyme reactions were incubated for
ither 2 or 16 h and then terminated by applying 20-ml
liquots onto thin-layer chromatography (TLC) plates (Sil-
ca gel 60 F254; Merck, Rahway, NJ). Putrescine (Rf 0.45)
nd homospermidine (Rf 0.11) were separated in a sol-
ent system consisting of acetone/methanol/25% NH4OH
4:3:2 by volume). The amount of product was calculated
rom the ratio of labeled putrescine to homospermidine
btained by radioscanning with a TLC multichannel an-
lyzer (Raytest, Wilmington, DE) (Bottcher et al., 1993).
he in vivo conversion of 14C-putrescine to
omospermidine by recombinant E. coli
Forty ml of actively growing E. coli cells containing
BB23 was induced with 0.4 mM IPTG. Simultaneously, 1
Ci of 14C-putrescine was added to the culture, and
0-ml samples were centrifuged 3 and 8 h later. The
acterial pellets were frozen in liquid nitrogen, resus-
ended in 1 ml of hot methanol (50–60°C), and incubated
or 30 min. After centrifugation for 20 min at 13,000 rpm,
10-ml aliquot of the supernatant was applied to a Silica
el 60 F254 TLC plate and chromatographed as de-
cribed above.
olyamine analysis
E. coli cells and uninfected and PBCV-1-infected chlo-
ella cells (1.9 3 1010 cells/sample) at 60, 150, and 240
in p.i. were harvested by centrifugation and lyophilized,
nd polyamines were extracted according to the protocol
o
e
s
t
d
t
t
d
(
N
t
a
w
t
e
s
6
u
m
f
p
N
s
c
C
p
H
O
w
G
1
A
D
y
d
F
o
C
P
G
B
B
C
D
D
F
F
G
G
G
H
H
H
H
H
H
H
H
K
K
K
K
K
L
L
261VIRUS PBCV-1-ENCODED HSSf Redmond and Tseng (1979). Polyamines also were
xtracted from 2 mg of lyophilized PBCV-1 virions by the
ame procedure.
Polyamines were analyzed either as benzoyl deriva-
ives by HPLC (Redmond and Tseng, 1979), as dabsyl
erivatives by HPLC (Koski et al., 1987), as N-carbome-
hoxyderivatives by gas chromatography–mass spec-
rometry (Husek et al., 1992), or as heptafluorobutyryl
erivatives by ion spray ionization–mass spectrometry
Furuumi et al., 1998).
orthern, Southern, and Western analyses
Chlorella cells (1 3 109) were collected at various
imes after PBCV-1 infection, frozen in liquid nitrogen,
nd stored at 280°C. RNA was extracted, denatured
ith formaldehyde, separated on 1.2% agarose gels, and
ransferred to nylon membranes as described (Landstein
t al., 1996). RNA was hybridized to an antisense 32P–
ingle-stranded DNA probe (Graves and Meints, 1992) at
5°C in 50 mM NaPO4, 1% BSA, and 2% SDS. Virus DNAs
sed for dot blots were denatured and applied to nylon
embranes (Micron Separation Inc., Westborough, MA),
ixed by UV cross-linking, and hybridized with the same
robes used for the Northern analysis.
Proteins were transferred to nylon membranes using a
ovablot Multiphore II apparatus (Pharmacia) as de-
cribed (Sambrook et al., 1989). Immunodetection was
arried out with an Immuno-Blot Kit (Bio-Rad, Hercules,
A). The polyclonal antiserum used in Western blot ex-
eriments was prepared in rabbits against the R. viridis
SS enzyme.
ther procedures
DNA and putative protein sequences were analyzed
ith the use of the University of Wisconsin Computer
roup package of programs (Genetics Computer Group,
997). The GenBank accession number for PBCV-1 ORF
237R is U42580.
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